Neurons extend long axons that require maintenance and are susceptible to degeneration.
Introduction
Extracellular vesicles (EVs) are a heterogeneous group of secreted vesicles that appear to be engaged in a wide range of neural cell communication processes and have been implicated in neural development, maintenance, neurodegeneration and regeneration (1) (2) (3) . According to their site of biogenesis, EVs can be subclassified as exosomes, which are released from the lumen of secretory multivesicular bodies (MVBs), and microvesicles (MV) being shedded from the plasma membrane (4, 5) . By delivering a mixed cargo of biomolecules including nucleic acids to target cells, EVs are able to elicit pleiotropic effects and give rise to plastic modulation of the tissue microenvironment (6) . In the central nervous system (CNS), neurons and glial cells release EVs under physiological and pathological conditions. However, the target cell responses and the mode of action of EVs in the CNS are not well understood.
Our previous work demonstrated the transfer of exosomes from myelinating oligodendrocytes to neurons (7, 8) . Triggered by neuronal signals, oligodendrocytes release small EVs (sEVs) with features of exosomes derived from MVBs. These MVBs appear prevalent at periaxonal sites in myelinated nerves. Neurons internalize oligodendroglial sEVs by endocytosis (which can occur at somatodendritic and axonal sites) and recover the EV-cargo, thereby importing bioactive molecules. Notably, the metabolic activity of neurons receiving sEVs is increased, in particular under stress conditions (8) . In addition, the neuronal firing rate is increased and prosurvival signalling pathways are activated (9) . Together, these observations suggest that gliaderived sEVs of exosomal origin mediate neuroprotection and improve neuronal homeostasis.
Neurons exhibit a complex polarized architecture, with axons projecting far away from the neuronal cell body that need to be supplied with energy and newly synthesized molecules. The long-term integrity of myelinated axons depends on oligodendroglial factors, which has been generally described as glial trophic support (10) . Mice lacking genes encoding oligodendroglial proteo-lipid protein (PLP) and 2´, 3´-cyclic nucleotide 3´-phosphodiesterase (CNP) develop a secondary progressive axonal degeneration characterized by the formation of axonal swellings (11, 12) , which may result from a defect in axonal transport (13) . Glial support has been attributed to the supply of axons with energy-rich glycolytic metabolites such as lactate and pyruvate through monocarboxylate transporters MCT1 and MCT2 (14) (15) (16) (17) . However, the causal relationship between the lack of PLP and CNP, metabolic support, and axonal degeneration is still unknown.
Axonal transport drives cargo along microtubules in both anterograde and retrograde direction and is essential for neuronal homeostasis. It comprises fast axonal transport of vesicular cargo and a slow component for the transport of cytoskeletal components and soluble content (18) .
Reduced transport rates are an early sign of axonal dysfunction preceding axonal degeneration and are also an early event in human myelin diseases (19) (20) (21) . As yet, the molecular mechanisms linking glial dysfunction and axonal transport decline are unknown.
Results

Oligodendroglial sEVs promote fast axonal transport
To examine the influence of oligodendroglial exosomes on axonal maintenance, we performed live-imaging of fast axonal transport in cultured hippocampal neurons. We determined the dynamics of vesicles delivering brain-derived neurotrophic factor (BDNF) exemplifying dense core vesicles (22) . sEVs were isolated from culture supernatants of primary oligodendrocytes by differential ultracentrifugation. As EV isolation procedures do not selectively purify exosomes, we refer to sEVs when studying these fractions (23) , although our previous work indicates that these sEVs largely comprise exosomes derived from MVBs (7, 8, 24) . Primary hippocampal neurons expressing BDNF-mCherry were exposed to oligodendrocyte-derived sEVs and recorded by time lapse imaging to determine the effect of sEVs on the movement of BDNF-mCherry-carrying transport vesicles along axons ( Figure 1A, B ). Quantitative analysis of single vesicle trajectories in kymographs revealed a similar distribution profile of vesicular movement in treatment and sham conditions ( Figure 1C ). Relative anterograde and retrograde vesicle motion and the percentage of static vesicles was unchanged. Likewise, vesicle velocity was unaffected by sEV-treatment ( Figure 1D ). In contrast, sEV-treatment significantly decreased the pausing time, which depicts the percentage of pauses exhibited by every single vesicle during its total trajectory ( Figure 1E ). These data indicate that oligodendroglial sEVs facilitate axonal transport by reducing vesicle pausing time.
We further studied axonal transport under stress conditions by challenging sEV-receiving neurons with oxidative stress, which is commonly associated with neurodegeneration (25) .
BDNF-mCherry expressing hippocampal neurons were pre-incubated with isolated oligodendroglial sEVs before exposure to oxidative stress for 1 h prior to time-lapse recording ( Figure 2A , B). To assess cell-type specific effects, one experimental group of neurons was treated with sEVs derived from HEK293T-cells. Kymograph analysis ( Figure 2C -E) revealed a significant increase of anterograde vesicle movement upon treatment with oligodendroglial sEVs compared to control neurons and neurons treated with HEK-sEVs, while retrograde movement was unaffected. Concomitantly, the proportion of static vesicles was decreased in oligodendroglial-sEV treated neurons. Vesicle velocity was not significantly affected, although there was a trend towards lower speed in retrograde direction, which came to statistical significance in neurons treated with HEK-derived sEVs. Notably, the relative pausing time of transport vesicles was considerably reduced in neurons treated with oligodendroglial sEVs. In contrast, HEK-derived sEVs interfered with transport by strongly increasing the vesicle pausing time. Taken together, these results demonstrate that oligodendroglial sEVs promote fast axonal transport by reducing vesicle pauses and enhancing anterograde vesicle movement, most prominently when neurons are subjected to stress. The axonal transport promoting activity appears specific to oligodendroglial EVs as opposed to EVs of non-oligodendroglial origin.
Oligodendroglial sEVs maintain axonal transport in starving neurons
Next, we studied axonal transport under conditions of nutrient deprivation (by depletion of the media supplement B27) reflecting the withdrawal of neurons from the external supply of growth-promoting factors essential for their maintenance. Primary hippocampal neurons were treated with sEV-conditioned oligodendrocyte supernatant (10K) or sEV-deprived supernatant (100K) as control and subjected to nutrient-deprivation during the last 3 hours of the treatment before time-lapse imaging ( Figure 3A ). 10K (ND +OL-sEV) and 100K (ND) treatment conditions were identical regarding the presence of oligodendroglial secreted soluble components and only differed in presence or absence of sEVs. Unstressed neurons grown in full culture medium served as reference for optimal conditions. As expected, nutrient deprivation resulted in a significant decline of overall vesicular movement ( Figure 3B -E).
Intriguingly, axonal transport was almost completely restored in nutrient-deprived neurons in the presence of oligodendroglial sEVs. We observed a significant increase in anterograde as well as retrograde movement and the number of static vesicles was substantially reduced upon sEV-treatment back to the normal unstarved level ( Figure 3C ). Vesicle velocity is not affected by sEV treatment, though nutrient deprivation per se appeared to increase anterograde vesicle velocity ( Figure 3D ). Furthermore, the presence of sEVs significantly decreased the pausing periods of vesicles in starving neurons ( Figure 3E ). Thus, neurons receiving oligodendroglial sEVs are able to maintain axonal transport even under conditions of deprivation from external nutrients.
Exosome secretion is impaired in mice affected by secondary axonal degeneration
We further made use of PLP-and CNP-deficient mice, which are established mouse models of glia-dependent secondary axonal degeneration. It is still unclear how the lack of oligodendroglial PLP and CNP is related to the degeneration of axons. Since PLP and CNP are both sorted into exosomes (7) , we investigated exosome release in the null-mice. We first looked in the myelinated tract in situ at the appearance of MVBs, resembling the cytoplasmic storage sites of exosomes before their actual release. Oligodendroglial MVBs can be readily detected in ultrathin sections of optic nerve fibres by electron microscopy, although their detection depends on their presence in the plane of the section ( Figure 4A ). Quantification of MVBs in optic nerve sections revealed a 3.6-fold higher number of oligodendroglial MVBs in PLP-null as compared to wild type mice ( Figure 4B ), while the number of MVBs was unchanged in CNP-null mice (note that MVBs will be strongly underrepresented in relation to axons in the sections). In wild-type optic nerves, MVBs are prevalent at periaxonal (adaxonal) sites, which is the site of release for axonal delivery. However, in CNP-null mice MVBs appeared underrepresented in the adaxonal and abaxonal cytoplasmic domain, while they were more frequently detected in cytoplasmic channels within myelin (myelinic channels) and in the cell bodies, suggesting that MVB-trafficking to periaxonal sites is impeded ( Figure 4C ).
On the other hand, MVBs in PLP-null mice were more frequent in myelinic channels, at abaxonal loops, and in cell bodies, indicating an accumulation of MVBs in oligodendrocytes ( Figure 4D ). These observations demonstrate that oligodendroglial MVBs are mislocalized in myelinated tracts of PLP-as well as CNP-null mice, suggesting a defect in exosome release.
We then examined exosome release in cultured oligodendrocytes derived from PLP-and CNPnull mice. Mutant oligodendrocytes exhibit normal morphological differentiation in culture, express the expected lineage markers, and appeared equally viable, although cell death (as determined by LDH-leakiness into the culture medium) appeared slightly increased in PLP-null oligodendrocytes (Supplementary Figure 1 ). We isolated sEVs including exosomes from culture supernatants collected from wild-type, PLP-, and CNP-null oligodendrocytes by differential centrifugation and determined the particle number and size by nanoparticle tracking analysis (NTA). The number of released particles was significantly reduced in PLP-and CNPnull oligodendrocytes, while the size distribution was unchanged ( Figure 4E normalized to the number of releasing cells revealed that common EV-markers including Alix, Tsg101, Flotillin-1 (Flot1), Hsc/Hsp70, PLP, CNP, and Sirtuin-2 (Sirt2) were decreased in mutant versus wild type sEVs, confirming the decreased release rate ( Figure 4F , G). The density of sEVs released by mutant oligodendrocytes appeared normal as demonstrated by density gradient analysis, indicating that the lipid/protein ratio and sEV-subtypes are similar between wild-type and mutant sEVs (Supplementary Figure 2 ). In summary, these data indicate that PLP-and CNP-null oligodendrocytes secrete considerably lower levels of sEVs/exosomes.
CNP-and PLP-null sEVs share common proteome abnormalities
To investigate potential differences in cargo composition between wild-type and mutant sEVs, we performed a differential proteome analysis of density-gradient purified sEVs by label-free quantitative mass spectrometry (LC-MS). Gradient purified sEVs should be enriched for exosomes and devoid of non-EV components co-sedimenting in 100K pellets. The sEV input into LC-MS was normalized according to the total number of sEV-secreting cells (sEV-pools isolated from 2.3 x 10 8 cells), which originated from independent cell preparations and several mouse brains. Functional annotation to Gene Ontology (GO) parent terms "cellular components" and "biological processes" assigned the largest fraction of identified proteins to the categories "extracellular exosome" and "transport" ( Figure 5A ), respectively, indicating that the isolation procedure was efficient.
To reveal alterations in the proteome of sEVs derived from mutant PLP-and CNP-null oligodendrocytes, signal intensities were normalized and expressed in parts per million of total protein (ppm). Differential analysis revealed that a number of proteins were up-or downregulated in mutant versus wild-type sEVs ( Figure 5B -D, Supplementary Table 1 , Supplementary Figure 3 ). STRING analysis demonstrates highly interconnected networks among up-or downregulated proteins in CNP-as well as PLP-null sEVs, highlighting the tight relationship between these proteins most likely linked to potentially affected biological pathways ( Supplementary Figures 4-7) . Interestingly, regulated proteins overlapped to a high degree: 50 out of 80 significantly upregulated proteins and 6 out of 25 downregulated proteins were common between PLP-null and CNP-null sEVs/exosomes ( Figure 5C ). The downregulated proteins include Annexin A5 (Anxa5), Heat shock-related 70 kD protein 2 (Hsp70-2), Sirtuin-2 (Sirt2), Immunoglobulin superfamily member 8 (Igsf8) and Peptidyl-propyl cis-trans isomerase (FKB1A). Notably, these five candidates belong to the top-ten downregulated proteins in both mutant sEV-types and were downregulated at least 2-5 fold ( Figure 5D ). Typical sEV markers such as the tetraspanins CD81 and CD63 were detected in similar levels in wild-type and mutant sEVs (Alix and Tsg101 were not identified by LC-MS).
We further focussed on downregulated candidates and attempted to validate the proteins found most prominently reduced in CNP-and PLP-null sEVs by semi-quantitative Westernblotting. sEVs isolated by differential ultracentrifugation were normalized to particle number by NTA before subjecting to Western-blot analysis ( Figure 5E ). In addition to Hsp70-2, Anxa5, Igsf8, and Sirt2, we examined the sEV markers Flotillin-1 (Flot1), Alix and Tsg101 that were not revealed by LC-MS. Detection levels of PLP were equal between wild-type and CNP-null sEVs and furthermore, levels of CNP were equal between wild-type and PLP-null sEVs, confirming equivalent input of sEV-particles. Flot1, Tsg101, Anxa5 and Sirt2 appeared reduced by trend in PLP-deficient sEVs ( Figure 5F ). Alix, Hsp70-2, and Igsf8 were reduced in both PLPand CNP-null sEVs. While these data largely confirm the results obtained by proteomics, it should be noted that the semiquantitative Western blot data exhibit high variance. Together, null-mutant derived sEVs are impaired not only in quantitative but also in qualitative terms.
PLP-and CNP-null sEVs exhibit an altered protein composition and furthermore, share a remarkably common signature.
Cargo delivery by PLP-and CNP-null sEVs
We further asked whether mutant-derived sEVs are malfunctioning and fail to deliver signals to neurons. First, we addressed whether PLP-and CNP-null sEVs are able to deliver their cargo. To this end, we utilized Cre as a reporter of sEV-transfer and cargo retrieval in neurons as established previously (8) . Adeno-associated virus (AAV) transduced primary oligodendrocytes expressing Cre-recombinase were co-cultured in Boyden chambers with primary cortical neurons that carry GFP as reporter, which is only expressed after Cremediated recombination. Delivery of Cre via oligodendroglial sEVs and recovery in neurons will thus activate the GFP-reporter. Indeed, we observed reporter expression in neurons cocultured with wild-type as well as PLP-and CNP-null oligodendrocytes, indicating that mutant sEVs were internalized by neurons and released Cre ( Figure 6A ). However, reporter expression in target neurons was reduced by approximately half upon co-culture with CNPnull oligodendrocytes and PLP-null oligodendrocytes ( Figure 6B ). Thus, sEVs/exosomes released by PLP-and CNP-deficient oligodendrocytes are competent to deliver cargo to neurons, although the level of transfer is decreased, most likely reflecting the reduced rate of secretion by the mutant donor cells.
PLP-and CNP-null sEVs lack the ability to support nutrient-deprived neurons
Previously, we have shown that oligodendroglial exosomes/sEVs carry neuroprotective activity and mediate stress resistance. Neurons exposed to starvation maintain higher levels of metabolic activity, when treated with sEVs during the nutrient-deprived period (8) . To examine if sEV-mediated support of nutrient-deprived neurons is dose-dependent, we performed a dilution-series of sEV-containing (10K) supernatants collected from wild-type oligodendrocytes ( Figure 6C ). Reduction of sEVs to 60 % of initial particle concentration (100 % = 2.48 x 10 8 +/-0.12 particles/ml) was sufficient to largely abrogate the sEV-mediated support, comparably to sEV-depleted 100K supernatants. Since sEV-release in CNP-and PLP-null is reduced by roughly half, we hypothesized that the reduced level of sEV transfer from mutant oligodendrocytes would result in loss of support of nutrient-deprived neurons. We treated cortical neurons during starvation with sEV-containing 10K supernatants derived from equal numbers of wild-type, PLP-and CNP-null oligodendrocytes. As described above, the mutantderived supernatants would contain roughly halved sEV concentration. Analysis of cell viability revealed that wild-type sEV-containing supernatants were able to fully restore the metabolic activity of starving cells, while PLP-and CNP-null sEV-containing supernatants lacked the ability to support nutrient-deprived neurons, as do wild-type derived supernatants that were depleted from sEVs ( Figure 6D ).
To examine if the observed qualitative differences between wild-type and mutant sEVs could also contribute to the lack of neuronal support, starving cortical neurons were treated with sEVcontaining 10K supernatants that were normalized for particle concentration by NTA measurement. Remarkably, particle-normalized PLP-and CNP-null sEVs still lacked the ability of wild-type sEVs to rescue starving neurons ( Figure 6E ). Taken together, these data demonstrate that the reduced rate of sEV secretion in null-mutants likely is sufficient to interfere with sEVs providing neuronal support. Moreover, the qualitative defects in sEV composition also lead to functional impairment, showing that PLP-and CNP-null sEVs are lacking key factors essential for neuronal support. Thus, both qualitative and quantitative defects of mutant sEVs contribute to their malfunction and the failure to promote neuronal viability.
PLP-and CNP-null sEVs fail to promote axonal transport
To examine the potency of PLP-and CNP-null sEVs to facilitate axonal transport, we performed live-imaging of BDNF-mcherry carrying vesicles in primary hippocampal neurons subjected to nutrient deprivation as described above ( Figure 7A ). Neurons were treated with sEV-containing supernatants derived from wild-type, PLP-null, CNP-null oligodendrocytes, and in addition from primary cultured astrocytes. Astrocytes are known to contribute to neuronal functions in manifold ways and hence we included this treatment condition as further control for cell-type specific sEV action. Intriguingly, treatment with sEVs derived from PLPand CNP-null oligodendrocytes, as well as sEVs derived from astrocytes, did not rescue fast axonal transport in nutrient-deprived neurons ( Figure 7B -E). Compared to wild-type sEVtreatment, both anterograde and retrograde movement of transport vesicles was reduced and the pool of static vesicles was increased back to the level of untreated nutrient-deprived neurons ( Figure 7C ). The vesicle velocity was largely unaffected ( Figure 7D , reduction of anterograde vesicle velocity by mutant sEVs should be taken with caution due to high variance of measurements). Furthermore, the pausing-time of moving vesicles was neither reduced by PLP-and CNP-null sEVs nor by astrocyte-derived sEVs ( Figure 7E ). Thus, the axonal transport promoting activity is specific to sEVs derived from oligodendrocytes as opposed to astrocytes. sEVs derived from PLP-and CNP-deficient oligodendrocytes lack this activity and fail to restore axonal transport during nutrient deprivation.
Discussion
Our study provides new evidence that oligodendrocyte-derived sEVs are critical factors of longterm axonal maintenance. We show that oligodendroglial sEVs promote axonal transport under normal as well as stress conditions, which is essential for the maintenance of axonal integrity.
Consistently, CNP-and PLP-deficient mice suffering from secondary axonal degeneration exhibit impaired sEV-release from oligodendrocytes. Mutant-derived sEVs lack the ability to foster the neuronal metabolism and to promote axonal transport. sEV loss of function is accompanied by a common proteomic signature and the reduced abundance of several shared proteins, implicating a set of functionally relevant sEV-cargos. Thus, our study establishes sEV-delivery from oligodendroglia to neurons as a mechanistic route to sustain neuronal integrity and provides a so far missing link between glial dysfunction, axonal transport and axonal degeneration.
Recently, EVs were introduced as signalling entities playing versatile roles in normal brain physiology, during neurodegenerative disease as well as in the context of neuroregeneration (1, 2, 26) . EVs are highly heterogeneous regarding their origin and cargo, and once present in the extracellular space, it is almost impossible to technically discriminate between plasmamembrane derived EVs (microvesicles) and endosome-derived EVs (exosomes). A substantial body of evidence based on electron microscopy and biochemical characterization suggests that oligodendroglial sEVs largely reflect exosomes derived from MVBs (7, 8) . In situ, these MVBs frequently appear in the inner cytoplasmic loop next to axons, from where they can be released into the periaxonal space and taken up by axons. We thus assume that exosomes reflect the main functional entity in the sEV-isolates carrying axonal transport promoting activity, although we cannot rule out a minor fraction of other sEVs contributing to that effect.
Consistently, PLP-and CNP-deficient mice exhibit abnormally distributed MVBs in myelinated nerves, suggesting that indeed a defect in exosome release may underlie the axonal degeneration observed in these mice.
The finding that oligodendroglial sEVs influence axonal transport provides mechanistic insight of how sEVs, or exosomes, can affect subcellular processes and contribute to overall neural homeostasis. How EVs transmit biological information and execute their functions in target cells is largely unknown (27) . Likewise, we can only speculate about the mode of action by which oligodendroglial sEVs promote axonal transport. According to previous work, neurons endocytose oligodendroglial sEVs even at axonal sites and the cargo is bioactive upon internalization (8) , suggesting that delivered biomolecules may be involved. Moreover, sEVs appear to modulate neuronal signalling pathways by stimulating phosphorylation of Akt, JNK, and GSK- (9) . Intriguingly, these kinases are known to regulate axonal transport largely by controlling vesicle-associated motor proteins or their adaptors (18, 28) . It therefore seems likely that oligodendroglial sEVs directly act on axonal transport via kinase-mediated motor-protein control. Under optimal growth conditions and full energy supplies, we observed shorter transport vesicle pauses shortly after sEV application (30 min) independent of vesicle directionality or velocity, indeed suggesting a kinase-mediated effect on motor activity. In stress experiments, neurons were pre-treated with sEVs for several hours before the challenge to mimic persisting sEV availability, as presumed to occur in vivo, where neurons are thought to continuously receive exosomes from neighbouring myelinating oligodendrocytes in activitydependent fashion. Though the sEV-cargo (small molecules, metabolites or proteins) may well affect axonal transport directly, it is also possible that sEVs exhibit a preconditioning activity (by activation of signalling pathways or by providing protective molecules) allowing the neurons to maintain a homeostatic state even under demanding conditions. However, whether sEVs promote axonal transport via kinase regulation or the delivery of specific cargoes (or a combination of both) remains to be established in the future.
Intriguingly, sEV-release by oligodendrocytes is impaired in PLP-and CNP-deficient mice, which undergo secondary axonal degeneration, and mutant-derived sEVs lack functional activity. These findings provide compelling genetic evidence that glia to neuron exosome transfer is a mode of glial support required for long-term axonal integrity. Glial support is related to the supply of neurons with energy-rich metabolites important to satisfy the enormous energy demands associated with neural activity (29, 30). Mature myelinating oligodendrocytes can exist as purely glycolytic cells and deletion of oligodendroglial monocarboxylate transporter MCT1, delivering lactate and pyruvate, causes axonal damage (14, 15) . However, how PLPand CNP-deficiency does interfere with the delivery of energy substrates remained less clear so far. Axonal pathology in these mice is characterized by the development of axonal swellings filled with organelles indicating a defect in axonal transport (11, 12) . In fact, axonal transport has been shown to be affected in PLP-null mice, while the underlying mechanism remained in the dark (13) . Essentially, impaired exosome release in PLP-and CNP-null oligodendrocytes and the failure of mutant-derived sEVs to promote axonal transport provides a mechanistic link between glial dysfunction and axonal degeneration. The delivery of oligodendroglial exosomes to axons, likely concomitant to a supply with energy substrates, appears to be required to sustain axonal health in long-term.
How does PLP-and CNP-deficiency affect exosome release and function? Based on our observation that MVB number and localization is affected, we assume that the malfunction originates on the glial side resulting in defective exosome biogenesis and MVB transport. It has been shown that in absence of CNP the cytoplasmic (myelinic) channels through the myelin sheath are broken down, interfering with cargo transport from the oligodendrocyte cell body to the cytoplasmic loop adjacent to the axon (31) . Consistently, MVBs in CNP-null mice are redistributed to the cell body and less frequently placed at their release site in the periaxonal cytoplasmic loop. Accumulation of MVBs in PLP-null mice may hint to a defect in MVB maturation, which could be related to the tetraspan properties of PLP and its ability to bind and recruit cholesterol (32) . In both mutant lines, we observed a decrease in exosome release by roughly 50 % as well as qualitative abnormalities, which each by itself appear sufficient to account for the loss of the neuronal support function and hence augment each other. Remarkably, five among the most strongly down-regulated exosomal proteins identified by proteomics were identical between PLP and CNP mutant exosomes, thus representing exciting candidates of potential functional relevance. Of note, the chaperone Hsp70-2 and the co-chaperone FKBP1 assist protein folding and thus may be important for axonal proteostasis and neuroprotection (33, 34) . This would be consistent with the idea that exosomes deliver macromolecules including heat shock proteins conferring stress resistance to axons, which intrinsically lack the ability to modulate the stress response (35) . Igsf8 interacts with CD81 and CD9 in tetraspanin-enriched microdomains and recently was implicated in targeting of perivascular EVs to osteoprogenitor cells, although in this instance Igsf8 was located on the recipient cells (36) . It is well possible that Igsf8 may play a role in targeting oligodendroglial exosomes to neurons. However, the individual functional contribution of these candidate proteins to the support of axonal transport and axonal maintenance needs to be addressed in more detail in future studies.
In conclusion, our study establishes oligodendrocyte-neuron exosome transfer as a mechanism of glial support required for long-term axonal maintenance by facilitating axonal transport. By this means, metabolic support provided by the supply of energy substrates is complemented by molecular support through the delivery of larger biomolecules via exosomes, maintaining neuronal homeostasis and sustaining axonal projections. Declining axonal transport precedes axonal degeneration observed in demyelinating diseases and is also a common hallmark of neurodegeneration (20, 37) . Thus, our study provides a previously unrecognized mechanistic link between glial dysfunction and impairment of axonal transport as an initial trigger of axonal damage and may open new avenues to therapeutically interfere with axon degeneration observed in a broad range of neurodegenerative diseases.
Material and Methods
Antibodies and reagents
Antibodies used were as follows: mouse anti-O4 and mouse anti-O1 (38) , rat anti-PLP (clone aa3), mouse anti-CNPase (11-5B, Sigma), mouse anti-GFAP (1B4; BD), rabbit anti-Iba1 Mouse strains used were: 1) wild type C57Bl/6-N, 2) CNP Cre/Cre (CNCE) (12) and 3) PLP -/-(KPLP) (11, 39) .
Primary oligodendrocytes (pOL) were prepared from embryonic day E14.5 mice as described before (40) Primary cortical neurons were prepared from E14.5 brain hemispheres as described before (41) . For primary hippocampal cultures, hippocampi were dissected from brain hemispheres of E18 embryos, treated with 1 % trypsin for 4 min at 37 °C, washed in Hank's balanced salt 
AAV generation, cell infection, and Boyden chamber co-culture
Recombinant AAVs bearing the Cre-recombinase or the hrGFP reporter gene were generated as described previously (8, 42) . Primary oligodendrocytes (prepared from E14.5 mice) and cortical neurons were infected by adding 1 µl (5x10 7-8 vg) to the cell culture medium 6 days before the co-culture experiment. Media was exchanged 24 h after the transduction to remove excess virus particles. Then, oligodendrocytes (DIV 7, 1.8 x 10 6 cells per inset) were cocultured with cortical neurons (0.7 x 10 6 per well) in Boyden chambers (Six-well companion plates (1 µm pores) and six-well cell culture inserts, BD Falcon). After 24 hours, lysates were prepared from the cortical neurons growing in the bottom well.
sEV isolation and collection of sEV-conditioned supernatants
Culture supernatants were collected over a period of 48 h under serum-free conditions and sEVs were isolated by differential centrifugation as described before (8) . Briefly, culture supernatant was cleared from dead cells and debris by successive centrifugation for 10 min at 130 x g and 30 min at 10.000 x g and 4°C in a fixed angle rotor (220.78, Hermle). sEVs remaining in the supernatant were pelleted by ultracentrifugation in polyallomer tubes (Beckman Coulter) for 2 h at 100.000 x g and 4°C (SW40 rotor, 27.000 rpm, RCF (max) 130.000, k-factor 301.4, Beckman Coulter). sEV pellets were resuspended in PBS for nanoparticle tracking analysis (NTA) or SDS-PAGE sample buffer for Western blot analysis.
Extensive characterization of oligodendroglial sEVs has been performed previously (7-9) and the quality of isolated sEVs was regularly checked by NTA and Western blotting. For axonal transport experiments under normal or oxidative stress conditions (see below), sEVs comprising exosomes were resuspended in PBS before being applied to neurons. In nutrientdeprivation experiments, sEV-containing 10.000 x g supernatants (10K) or sEV-depleted 100.000 x g supernatants (100K) lacking the B27 supplement were applied to neurons. sEV normalization was performed according to the number of sEV-producing cells or the number of particles determined by NTA. In case of control sEVs derived from HEK293T cells or primary astrocytes (which are much larger cells compared to oligodendrocytes), sEV-input was according to the same the volume of supernatant harvested from confluent cells covering the same area.
For LC-MS analysis, sEVs were subjected to sucrose density gradient centrifugation to further purify exosomes. Briefly, culture supernatants (serum-free) were collected from a total of approximately 2.3 x 10 8 cells over three subsequent periods of 24 h and subjected to differential centrifugation as described above. In the 100,000 g run, sEVs were centrifuged 
Nanoparticle tracking (NTA)
sEVs (100,000 x g pellets) derived from 1.2 x 10 7 oligodendrocytes were resuspended in PBS and analyzed using the Nanosight LM10 system equipped with the green laser (532 nm) and the syringe pump and Nanosight 2.3 software (Malvern) at 23 °C (temperature control).
Following settings were used: Camera control in standard mode (camera level 16), particle detection in standard mode (screen gain 16, detection threshold 6, and minimum expected 
sEV treatment and stress conditions for axonal transport assays
Imaging of axonal transport was performed on BDNF-m-cherry transfected primary hippocampal neurons. sEV treatment, oxidative stress and nutrient deprivation conditions were performed according to (8) . sEV input was normalized according to the numbers of secreting cells: sEVs derived from 3 x 10 6 sEV-secreting oligodendrocytes were added to 0.5 Immunocytochemical staining of cells was performed as described (41) . Fluorescence images were acquired using a fluorescence microscope (DM6000m, Leica) and processed with Image J.
Electron microscopy
Adult mice (age 10 weeks) were fixed by perfusion with 4 % formaldehyde (Serva) and 0. To quantitate MVBs, cryosections of optic nerves from three different animals per genotype were analyzed. Ten images were taken from every sample at 8000x magnification each covering an area of 11.5 µm x 11.5 µm, summing up to a total area of 1322,5 µm 2 per sample.
On every image the number and localization of MVBs were evaluated and the total number of myelinated axons was counted. The number of MVBs is calculated relative to the number of axons in the imaged field.
LC-MS
For mass spectrometry analysis, sEVs were collected from a total of 2.3 x 10 8 primary oligodendrocytes (>3 independent cell preparations, each derived from a pool of >10 individual embryonic mouse brains) and enriched for exosomes by successive differential centrifugation and sucrose density gradient centrifugation as described above. Density-gradient purified exosomes were pelleted in 1. Mass spectrometric analysis of tryptic peptides was performed using a Q-TOF Premier mass spectrometer (Waters Corporation, Manchester, United Kingdom). For all measurements, the mass spectrometer was operated in V-mode with a typical resolution of at least 10,000 FWHM (full width half maximum). All analyses were performed in positive-mode electrospray ionization (ESI). The time of flight analyzer of the mass spectrometer was externally calibrated with a NaI mixture from m/z 50 to 1,990. The data were acquisition lock mass corrected using the doubly charged monoisotopic ion of [Glu1]-Fibrinopeptide B. The reference sprayer was sampled with a frequency of 30 s. Accurate mass LC-MS data were collected in dataindependent modes of analysis. The spectral acquisition time in each mode was 0.7 s with a 0.05-s interscan delay. In low-energy MS mode, data were collected at a constant collision energy of 4 eV. In elevated-energy MS mode, the collision energy was ramped from 25 to 55 eV during each 0.6-s integration. One cycle of low-and elevated-energy data was acquired every 1.5 s. The radio frequency amplitude applied to the quadrupole mass analyzer was adjusted so that ions from m/z 350 to 2,000 were efficiently transmitted, ensuring that any ions observed in the LC-MS data less than m/z 350 were known to arise from dissociations in the collision cell. All samples were analyzed in quintuplicate.
Data processing
Continuum LC-MS data were processed and searched using ProteinLynx GlobalSERVER version 3.0.2 (Waters Corporation). Protein identifications were obtained by searching a custom compiled database containing sequences of Uniprot Swissprot Mouse Reference Proteome database (17.005 entries). Sequence information of enolase 1 (S. cerevisiae) and bovine trypsin were added to the databases to normalize the data sets or to conduct absolute quantification as described previously (43) . Guideline identification criteria were applied for all searches. The LC-MS data were searched with a 10-ppm precursor and 20-ppm product ion tolerance, respectively, with one missed cleavage allowed and fixed carbamidomethylcysteine and variable methionine oxidation set as the modifications.
Statistical analysis
Quantitative data are means ±SEM of at least three independent experiments. Statistical analysis was performed when n>4 using Graph Pad Prism Software X8. Data were subjected to normality tests Anderson-Darling, D'Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov and considered normally distributed if passing all four tests. For axonal transport assays data groups of individual recorded cells collected from at least three independent experiments were compared using two-tailed, unpaired Student's t-test followed by Holm-Sidak correction for multiple comparisons. MTT assay for dose response analysis was tested by oneway ANOVA followed by Dunn's multiple comparison test. Data derived from MTTassays comparing neuronal metabolic activity in response to wild-type and mutant sEVs were analysed by two-tailed, unpaired Student's t-test.
Data Availability
The data that support the findings of this study that are not included within the paper and its supplementary information files are available from the corresponding author upon reasonable request. 
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